While antibiotic-eluting polymethylmethacrylate space maintainers have shown efficacy in the treatment of bacterial periprosthetic joint infection and osteomyelitis, antifungal-eluting space maintainers are associated with greater limitations for treatment of fungal musculoskeletal infections including limited elution concentration and duration. In this study, we have designed a porous econazole-eluting space maintainer capable of greater inhibition of fungal growth than traditional solid space maintainers. The eluted econazole demonstrated bioactivity in a concentration-dependent manner against the most common species responsible for fungal periprosthetic joint infection as well as staphylococci. Lastly, these porous space maintainers retain compressive mechanical properties appropriate to maintain space before definitive repair of the joint or bony defect.
Introduction
In order to facilitate musculoskeletal reconstruction, space maintainers have been leveraged to preserve anatomy while also functioning as local drug depots to treat local infection. Space maintainers have been used in a variety of anatomical defects, including cranial, mandibular, and joint spaces [1] [2] [3] . These devices have been loaded with a variety of antimicrobials for the local treatment of osteomyelitis as well as periprosthetic joint infections [4] .
While relatively rare, fungal periprosthetic joint infection (FPJI) is a clinically challenging condition that often results in significant patient morbidity, mortality, and economic burden. Resection arthroplasty, a major surgical procedure involving the removal of the prosthesis, is required in up to 94% of cases [5] . Persistent infection, disease progression leading to amputation, and mortality have been reported in up to 32, 13-16, and 3-5% of cases, respectively [2, 5] .
Candida species are by far the most commonly reported in FPJI, accounting for 80-90% of infections [5] [6] [7] with C. albicans as most prevalent [5] [6] [7] . Aspergillus species are the next most commonly reported species with A. fumigatus as most prevalent [5] . In addition to FPJI, Candida and Aspergillus are also the two most common species associated with fungal osteomyelitis [8] . Another major complication arising in FPJI is co-infection with bacterial species (occurring in as many as 16-55% of cases [5, 9] ). Staphylococci are the most common co-infecting bacterial species, reported in 34-80% of patients with bacterial coinfection [5, 9] .
The current state of the art for the treatment of FPJI is two stage resection arthroplasty [8] . In the first stage, the infection is treated with extended systemic antifungals, surgically removing the infected prosthesis, debriding the area of pathogens and biofilm, and in some cases, implanting a bone space maintainer in the joint space (in addition to treatment with systemic antifungal therapy). The second stage is definitive prosthesis re-implantation and follows after infection is cleared (typically 6-24 weeks after the first stage [6] ). The space maintainer is made of bone cement, polymethylmethacryalate (PMMA) and may be loaded with antimicrobials for local drug release. Antibiotic-loaded PMMA space maintainers have been shown to be effective in the clinical treatment of bacterial periprosthetic joint infections [4] . However, there have been several key disadvantages in the use of antifungal-loaded PMMA space maintainers.
Many typical antifungals show very low elution from PMMA [10, 11] . For example, in a study of amphotericin B release from PMMA, only 0.03% of loaded drug was observed to be released and no drug was detectable after 1 week of elution [12] . Minimal antifungal elution from PMMA is most likely due to a combination of factors: (1) As PMMA is solid and non-biodegradable, release is limited to drug bound on its surface while the majority of drug remains encapsulated and unavailable for release; (2) heat generated from the exothermic reaction of PMMA polymerization may degrade or otherwise deactivate some antifungals; and (3) certain chemical groups within antifungals, such as the unsaturated carbon bonds within amphotericin B, may be disrupted during PMMA polymerization, resulting in limited bioactivity. Furthermore, space maintainers releasing traditional antifungals are at risk for bacterial co-infection [2, 5, 9] .
In order to address these shortcomings, we have designed porous space maintainers capable of eluting antimicrobial agents at greater concentration and for longer duration than current solid space maintainers [13, 14] . Carboxymethylcellulose (CMC), also known as cellulose gum, is an inexpensive carbohydrate-based powder that can be reconstituted in water to form a biocompatible gel. CMC has been a component of implantable Food and Drug Administration-regulated devices for over two decades [15, 16] . CMC gel can be added to PMMA before polymerization to create a space maintainer with an embedded sacrificial aqueous gel; once the space maintainer is placed in an aqueous environment, the gel diffuses out of the space maintainer, leaving behind a network of interconnected pores within the PMMA [17] . These pores increase the available surface area for the elution of encapsulated drugs [13, 14] . Additional benefits to the use of CMC include its ability to act as a heat sink during PMMA polymerization, resulting in a lower reaction temperature [17] . Lastly, the roughness introduced to the space maintainer surface has been shown in a rabbit mucosal defect to promote healthy soft tissue interactions compared to traditional solid space maintainers [18] .
In this study, porous space maintainers were loaded with econazole, an antifungal agent that has activity against Candida, Aspergillus, and Staphylococcus [19] [20] [21] . Potential chemical interactions between econazole and PMMA were characterized by proton nuclear magnetic resonance spectroscopy ( 1 H-NMR) and gel permeation chromatography (GPC). Compared to solid space maintainers, porous space maintainers were evaluated for radiographic features, antimicrobial bioactivity, and mechanical properties.
constructs were prepared using a 2:1 powder phase bone cement: liquid phase bone cement (Great Lakes Orthodontics Limited, NY) wt/v ratio. As a ratio of 1:40 g antibiotic: bone cement (2.5 wt%) has been defined as "low-dose" and ratio of 2:40 g antibiotic: bone cement (5 wt%) has been defined as "high-dose" for antibiotic-loaded space maintainers [22] , 2.5 and 5 wt% were chosen as the loading concentrations in this study.
Briefly, econazole (Econazole Nitrate, Sigma-Aldrich, St. Louis, MO) was stirred in powder bone cement in a 5 wt% ("High") or 2.5 wt% ("Low") ratio. No econazole was added to "Blank" groups. For porous groups, a 9 wt% aqueous carboxymethylcellulose (CMC) gel was created by dissolving sodium carboxymethylcellulose (Spectrum Chemical, New Brunswick, NJ) in di-ionized water. CMC gel was mixed into porous groups in a 30 wt/wt% CMC/ PMMA concentration [17] . After mixing, liquid phase bone cement was added and stirred vigorously. Upon doughing, the mixture was added to polytetrafluoroethylene molds and allowed to cure for 24 h. For elution and bioactivity assays, space maintainer discs of 6 mm in diameter and 1 mm height were fabricated. For mechanical compressive evaluation, cylinders of 6 mm in diameter and 12 mm in height were fabricated (per the standard ISO 5833 [23] ). All constructs were conditioned at room temperature for at least 24 h before any testing was performed. Constructs subjected to microbiological tests underwent sterilization by ethylene oxide [14] .
Polymer characterization
To better elucidate any potential interactions between loaded drug (econazole) and PMMA during polymerization, proton nuclear magnetic resonance spectroscopy was performed to determine any changes in chemical groups and gel permeation chromatography was performed to determine any changes in chain length. Given that potential interactions between CMC and PMMA have already been extensively evaluated in previous work [17, 24] , solid space maintainers with a high loading dose of econazole (5 wt%) and with no econazole (blank) were evaluated.
1 H-NMR spectroscopy
Ten milligram of fabricated solid blank space maintainer, solid high-dose space maintainer, and econazole alone were dissolved in 1 mL of deuterated chloroform (Sigma-Aldrich, St. Louis, MO) each. These samples were subjected to 1 H-NMR spectroscopy using a 400 MHz spectrometer (Bruker, Billerica, MA) and analyzed with TOPSPIN 3.0 software (Bruker).
Gel permeation chromatography
Specimens were dissolved in chloroform (Sigma-Aldrich, St. Louis, MO) at a concentration of 20 mg/mL under mild agitation at room temperature and filtered by injection through a 0.45 µm filter (Whatman, Kent, UK). The resulting solution was assayed for molecular weight by gel permeation chromatography (GPC) based on previously reported methods [17, 24] . The GPC system (Waters, Milford, MA) consisted of a pump (Waters Model # 155), injection module (Waters # 717), and refractive index detector (Waters Model # 410). GPC was performed (n = 3) at a flow rate of 1 mL/min and temperature of 30 o C using a Phenogel column (300 × 7.80 mm, 5 µm particle size, Waters) and calibrated using linear PMMA standards with molecular weights ranging from 2.58 to 981 kDA (Waters, Milford, MA). Number average molecular weight (M n ), weight average molecular weight (M w ), and polydispersity index (PI) were measured and reported.
Radiographic characterization
MicroCT was performed on discs (6 mm in diameter and 1 mm in height) from each group in Table 1 (n = 3 per group) with an x-ray tube voltage of 80 kV and current of 124 µA with no filter and at a voxel size of 17.1 µm. The images were reconstructed for analysis using the software NRecon (version 1.6.9.18, SkyScan) and CTAn (version 1.15.4.0, SkyScan) with a 15% beam-hardening correction and an 85-255 binary threshold. Total porosity and percentage open pores were calculated in CTAn.
Antimicrobial characterization

Zone of inhibition
Zone of inhibition analysis was performed on clinical isolates of fungi (Candida albicans Y4215 and Aspergillus fumigatus Af293) and on a commercially-available methicillin-susceptible Staphylococcus aureus (S. aureus ATCC29213). Discs (6 mm in diameter × 1 mm in height) from all groups in Table 1 (n = 3 per group per organism) o C (C. albicans) or 37 o C (A. fumigatus and S. aureus). After either 18 h (S. aureus) or 24 h (C. albicans and A. fumigatus) of incubation, plates were examined for zone of inhibition. The diameter of the zone of inhibition was measured and rounded to the nearest millimeter.
Duration of bioactive elution
Discs (6 mm in diameter × 1 mm in height) were incubated in 2 mL sterile phosphate buffered saline (PBS) at 37 o C under mild agitation (n = 3 per group in Table 1 ). At day 0.5, 1, 2, 3, and every other day afterwards, supernatant was collected, frozen, and replaced with fresh PBS. The ability of the supernatant to inhibit C. albicans Y4215 over time was evaluated. 100 µL of supernatant from each disc at each time point was added to 100 µL of 5 × 10 3 C. albicans (effectively diluting the supernatant at 1:1 ratio) and incubated for 48 h at 35 o C based on the minimum inhibitory concentration guidelines for Candida species (Standard M44-A for fungal testing). Wells consisting of fresh econazole (25 µg/mL), fresh PBS, and fresh PBS that were not inoculated served as controls. After 48 h of incubation, wells were read and reported as having C. albicans growth or no growth.
Mechanical characterization
Cylinders from all 6 groups in Table 1 (n = 5 per group) were placed in 1 L di-ionized water at room temperature under mild agitation for 48 h to remove soluble CMC and then dried by lyophilization [17, 24] . Compressive and bending testing was then performed as specified by ISO 5833 [23] . Briefly, a Mini Bionix 858 Mechanical Testing System (MTS Systems Corporation, Eden Prairie, Minnesota) with a 10 kN load cell was utilized for both compression and bending assays. For compression testing, a compressive force at a cross-head speed of 20 mm/min was applied until either fracture or passing of the upper yield point (n = 5 per group in Table 1 ). The compressive strength (determined by 2% offset yield) and compressive modulus was measured using TestWorks 4 (MTS Systems Corporation).
Bending modulus and strength was measured in accordance to ISO 5833 [23] with a modification in the calculation of modulus as explained below. The distance between the inner and outer loading points was 20 mm and the distance between the two outer loading points was 60 mm. Force was applied at a cross-head speed of 5 mm/min until specimens failed (n = 4 per group in Table 1 ). Data were collected using the software TestWare-SX as provided by MTS Systems Corporation. Bending modulus, as calculated from ISO 5833, requires the slope of force/displacement data between a force of 15 and 50 N. However, as porous PMMA had an ultimate bending force of less than 50 N, the slope of force/displacement from tare force to yield force was used to calculate modulus. Otherwise, bending strength and modulus were calculated as described in ISO 5833.
Statistical analysis
Total porosity, percentage open porosity, diameter of zones of inhibition, compressive offset yield strength, and compressive modulus were compared by a one-way analysis of variance with post hoc analysis by Tukey's honestly significant difference (α = 0.05) and molecular weights (number average, weight average, polydispersity index) were compared by a two-tailed T-test (α = 0.05). All statistics were performed using JMP Pro 11.0 (SAS, Cary, NC).
Results
Space maintainer fabrication
Space maintainers were successfully fabricated as both discs (6 mm diameter × 1 mm height) and cylinders (6 mm diameter × 12 mm height). On gross inspection, solid PMMA space maintainers were smoother in surface texture (Supplemental Fig. 1 ). Increased econazole loading resulted in greater space maintainer opacity.
Polymer characterization
3.2.1 1
H-NMR spectroscopy
Upon analysis of PMMA polymerized in the presence and absence of econazole, no changes in chemical structure of either the polymer or the antimicrobial were noted. Representative sections of scans are shown in Supplemental  Fig. 2. 
Gel permeation chromatography
The M n , M w , and PI of space maintainers made from PMMA polymerized in the presence or absence of econazole (5 wt%) can be found in Table 2 . There were no statistically significant differences in any molecular weight values between PMMA polymerized in the presence or absence of econazole.
Radiographic characterization
All groups in Table 1 (n = 3 per group) were radiographically scanned and reconstructed by microCT (Fig. 1) . Reconstructed constructs were analyzed to determine total porosity as well as the proportion of open to closed pores (Fig. 2) . Non-porous space maintainer groups had total porosity (Fig. 2a) ranging from 0.3 to 0.6% regardless of econazole loading (no significant differences amongst nonporous groups). Porous groups had a total porosity ranging from 19.3 to 26.4% regardless of econazole loading (no significant difference amongst porous groups). At each level of econazole loading, all porous groups had significantly greater total porosity than their non-porous counterparts.
Open pores are those that communicate with other pores and the outside environment through an interconnected network. Closed pores are void spaces that do not communicate. Open pores (%) is a measurement of the relative amount of open pores out of all total available pores (Fig.  2b) . The open pores of non-porous groups ranged from 10.3 to 56.3%; the high loading group had significantly greater open pores than the blank and low loading group. The open pores of the porous groups ranged from 96.8 to 99.1% regardless of econazole loading (no significant difference amongst porous groups). At each level of econazole loading, all porous groups had significantly greater open porosity than their non-porous counterparts.
Antimicrobial characterization
Antimicrobial bioactivity was assayed by disc diffusion assay against the two most common FPJI species (C. albicans and A. fumigatus) as well as the most common bacterial species associated with superinfection (S. aureus). The zone of inhibition produced by the discs was measured and compared across groups to determine the effect of porosity and econazole loading on antimicrobial activity.
Inhibition ranged from 0 to 32 mm, based on species, porosity, and loading dosage (Fig. 3) . Regardless of porosity, no unloaded space maintainers (blank groups) demonstrated any inhibition against the three pathogen species. For all species, there were no significant differences between porous and non-porous groups at the low loading dose. For all groups, high loading groups demonstrated significantly greater inhibition than low loading groups. For all groups, the porous high loading group demonstrated significantly greater inhibition than the non-porous high loading group.
In corroboration with the disc diffusion study, unloaded space maintainers were not capable of inhibiting the growth Fig. 1 Representative microcomputed tomography reconstructions of non-porous (top) and porous (bottom) space maintainers, loaded with 0, 2.5, or 5.0 wt% econazole (blank, low, and high, respectively). Error bars represent standard deviation. Scale bar = 2 mm of C. albicans and porous groups had greater inhibition than non-porous groups at the highest loading dose (67 vs. 33% inhibition at 48 h) as shown in Table 3 . High loading groups also had more sustained inhibition over the 48 h compared to low loading groups, which only suppressed Candida growth in the first 12 h. Of note, the non-porous group had greater inhibition at 12 h than the porous group. Control wells showed no growth in wells with fresh econazole (25 µg/mL), growth in wells with inoculated fresh PBS, and no growth in wells with fresh PBS that were not inoculated.
Mechanical characterization
Cylinders (6 mm in diameter, 12 mm in height) underwent compressive and bending testing per the standard ISO 5833 (Fig. 4) . Compressive yield strength ranged from 95.1 to 99.0 MPa for non-porous groups and from 29.5 to 30.8 for porous groups (Fig. 4a) . Compressive modulus ranged from 2077.0 to 2329.6 MPa for non-porous groups and from 703.9 to 780.7 MPa for porous groups (Fig. 4b) . Porous groups had significantly decreased strength and modulus compared to non-porous groups with no significant effects based on econazole loading at either low or high dosage. The addition of econazole at either loading dose did not significantly affect either of the mechanical properties. This held true for both non-porous and porous groups. Similarly, porous groups had significantly decreased bending strength ( Fig. 4c) and modulus ( Fig. 4d ) compared to non-porous groups under the same econazole loading conditions. Bending yield strength ranged from 69.7 to 89.6 MPa for non-porous groups and from 27.4 to 33.8 MPa for porous groups. Bending modulus ranged from 5682.4 to 7557.9 MPa for non-porous groups and from 2734.7 to 4268.6 MPa for porous groups.
Discussion
In this study, the effect of porosity and drug loading on antifungal-eluting space maintainers was studied by chemical, radiographic, microbial, and biomechanical means. Imidazole-based compounds have been utilized as chemical initiators for free radical polymerization of PMMA and other polymer systems [26] . Therefore, the first objective of this study was to polymerize PMMA in the presence of econazole to determine if there are any interactions between the compounds at a molecular and macromolecular level. By 1 H-NMR spectroscopy and gel permeation chromatography, polymerizing PMMA in the presence of econazole (5 wt%) did not affect the function either the antifungal drug or the polymer (Table 2) .
While the effects of introducing CMC as a leachable porogen to PMMA are well-described [17, 24, 27] , it was important to determine if the introduction of econazole had any effect on the architecture and topography of the final porous space maintainer. It was determined that econazole had no effect on the total porosity of these constructs (Fig.  2a) , and that the total porosity was similar to that found in other studies using the same amount of CMC [24] . Introduction of CMC greatly increased the total porosity of constructs from less than 1% to greater than 20%. However, total porosity is not the only important metric when evaluating the additional surface area created for additional elution of drug. A greater percentage of open pores suggests formation of an interconnected network with communication to the environment. Porous groups had much greater open porosity than non-porous groups (Fig. 2b ). While econazole loading had no statistically significant effect in porous groups on open porosity, the highest loading dose resulted in significantly greater open porosity among nonporous groups. It is possible that the addition of greater amounts of econazole may alter the mixing and/or packing of PMMA during polymerization, resulting in a greater degree of open pores (total porosity did not change).
As an antimicrobial device, econazole-loaded space maintainers were effective in inhibiting the growth of the most common fungal species associated with FJIPs and fungal osteomyelitis [8] as well as the most common bacterial species associated with superinfection [5, 9] . At the high loading dose, porous space maintainers were superior to non-porous space maintainers in microbial inhibition (Fig. 3) . In addition, this inhibition was sustained for at least 12 h and for as long as 48 h in the high loading groups (Table 3) . While not commonly used since the advent of more effective antifungal drugs, econazole has well-characterized activity against Candida and Aspergillus [19] [20] [21] . Against fungal pathogens, econazole prevents the synthesis of ergosterol (through 14α-demethylase inhibition), a critical component of the fungal membrane [21] . However, sterols are not thought to have significant roles in the bacterial structure and are therefore not considered antibacterial agents [28] . Despite this, we observed a zone of inhibition observed against S. aureus (17 mm in the porous high dose group) (Fig. 3c) . As blank groups demonstrated no inhibition, this effect cannot be attributed to PMMA or CMC. It has previously been demonstrated that econazole nitrate has in vitro activity against S. aureus; in one study, econazole nitrate was found to be effective against several clinical isolates of S. aureus (as well as other common gram positive species, such as streptococci) with minimum inhibitory concentrations as low as 0.03 μg/mL [29] . However, the drug was not effective against gram negative species, including Pseudomonas aeruginosa, Proteus mirabilis, Escherichia coli, and Klebsiella pneumoniae, suggesting that the mechanism of action of econazole against bacteria may be related to components of the bacterial cell wall. Other speculated mechanisms of action include increased membrane permeability to potassium ions and inhibition of nitric oxide dioxygenase [28, 30] . Further studies must be performed to elucidate the mechanism of econazole against S. aureus. In this study, it was found that econazole is an attractive therapeutic to elute from the porous space maintainer given its activity against the most common fungal species and most common bacterial species responsible for superinfection in FPJI and fungal osteomyelitis.
The release study chosen was stringent as the minimum inhibitory concentration for the given clinical C. albicans isolate was relatively high (4 μg/mL), the large volume of supernatant relative to the small space maintainer (2 mL), and the need for further dilution of the release supernatant with the C. albicans concentrate during assay (1:1 dilution). In total, in order to inhibit Candida in this assay, space maintainers would need to release at least 16 μg per time point. In a different collection of 420 clinical isolates of C. albicans, 99% of isolates had a minimum inhibitory concentration of 0.06 μg/mL or less [19] . The clinical isolate used in this study was particularly robust with inhibition requiring~67× greater concentration of econazole than other isolates. Despite this challenge, at the high loading dose, the release products of space maintainer discs were capable of inhibiting all growth for at least 12 h and porous groups inhibited growth in two out of three specimens for at least 48 h ( Table 3) . As it is believed that most periprosthetic joint infections are due to inoculation at the time of surgery rather than hematogenous dissemination at a later time, providing local high-concentration therapy in the immediate post-operative time is critical; therefore, 12 h of inhibition may be sufficient to clear and/or prevent infection [9, 31] .
Lastly, porous econazole-loaded space maintainers were tested under compressive and bending forces per ISO 5833 ("Implants for surgery-Acrylic resin cements") [23] . As tension is not considered a major element of the typical biomechanical stresses on space maintainers, it is not included in ISO 5833 and thus was not examined in this study. Even at the highest loading dose (5 wt%), there were no significant differences between groups based on econazole loading (Fig. 4) . In studies using solid PMMA, it has previously been noted that antibiotics loaded up to 5 wt% often result in negligible changes in space maintainer mechanical properties [4] . As has been found in previous studies involving porous space maintainers [17, 24] , introducing porosity significantly decreased space maintainer mechanical properties (Fig. 4) . However, even with decreased mechanical properties, these space maintainers may still be sufficient for their intended application. Given the temporary nature of space maintainers, it has been argued that diminished mechanical properties are acceptable in light of increased antimicrobial activity [32] . Furthermore, space maintainers are often mechanically reinforced when implanted. In the majority of clinical studies of antibiotic-loaded PMMA for use in hip arthroplasty, space maintainers had additional mechanical support from surgical hardware [4] . In instances in which CMCbased porous PMMA bone space maintainers were implanted in preclinical animal models [13, 14, 18] and human patients [1] , there were no reports of mechanical failure. Therefore, despite diminished mechanical properties, econazole-loaded porous space maintainers may still be appropriate for temporary space maintenance in an infected tissue defect.
A strength of this space maintainer-based strategy is the combination of clinically-available materials to create a new device. CMC is a substance "generally regarded as safe" by the Food and Drug Administration (FDA) [33] and PMMA has been regulated by the FDA for orthopaedic applications as early as 1976 [34] . Porous PMMA (by mixing with CMC) has been evaluated for biocompatibility in a number of animal models [13, 14, 18] as well as used to improve surgical outcomes in human patients without any signs of toxicity [1] . Similarly, econazole has been marketed as a regulated therapeutic in the US since 1982 [35] . Econazole is regarded as non-cytotoxic and some advocate for its use replacing other antifungals in cell culture systems due to its superior safety profile [20] . Local delivery of econazole through drug delivery vehicles enables high concentrations at infected sites without systemic side effects or local toxicity as reviewed recently [36] . Given that this approach uses components that are regulated in other existing products by the FDA and have a long-standing history of biocompatibility, the translation of this technology from benchtop to clinical practice may be more rapid than the use of entirely novel components.
Conclusions
In this study, we have developed econazole-releasing porous space maintainers that are capable of inhibiting the growth of C. albicans, A. fumigatus, and S. aureus. Econazole, with activity against fungi and gram positive bacteria, is a desirable choice for the treatment of fungal periprosthetic joint infection and fungal osteomyelitis. Compared to traditional solid space maintainer devices, we found that porous space maintainers were capable of greater pathogen inhibition. This may be due to increased surface area available for drug elution, as both total porosity and percentage open pores increased with incorporation of a leachable porogen into the space maintainer. While decreased, the mechanical properties of the econazolereleasing porous space maintainers are still sufficient for their intended biological function.
Fungal infection of musculoskeletal tissues, including the joint space and bone, carry tremendous clinical consequence. As the materials for these econazole-loaded space maintainers (PMMA, CMC, and econazole) are relatively inexpensive and widely available, this is an attractive strategy that is capable of rapid translation.
